The quasispecies nature of the hepatitis C virus (HCV) is thought to play a central role in maintaining and modulating viral replication. Several studies have tried to unravel, through the parameters that characterize HCV circulating quasispecies, prognostic markers of the disease. In a previous work we demonstrated that the parameters of circulating viral quasispecies do not always reflect those of the intrahepatic virus. Here, we have analyzed paired serum and liver quasispecies from 39 genotype 1b-infected patients with different degrees of liver damage, ranging from minimal changes to cirrhosis. Viral level was quantified by real-time reverse transcription-PCR, and viral heterogeneity was characterized through the cloning and sequencing of 540 HCV variants of a genomic fragment encompassing the E2-NS2 junction. Although in 95% of patients, serum and liver consensus HCV amino acid sequences were identical, quasispecies complexity varied considerably between the viruses isolated from each compartment. Patients with HCV quasispecies in serum more complex (26%) than, less complex (28%) than, or similarly complex (41%) to those in liver were found. Among the last, a significant correlation between fibrosis and all the parameters that measure the viral amino acid complexity was found. Correlation between fibrosis and serum viral load was found as well (R ‫؍‬ 0.7). With regard to the origin of the differences in quasispecies complexity between serum and liver populations, sequence analysis argued against extrahepatic replication as a quantitatively important contributing factor and supported the idea of a differential effect or different selective forces on the virus depending on whether it is circulating in serum or replicating in the liver. Flaviviridae (7, 29, 45) . Its genome consists of a single-stranded RNA, with plus polarity, of 9,600 nucleotides, which does not integrate in the host genome, yet persistence is the rule. The damage caused during infection ranges from minimal changes to cirrhosis of the liver and hepatocarcinoma, but little is known about the mechanism of hepatocyte injury due to chronic infection. It seems very likely that the pathogenesis of HCV infection is directly related to a strong interplay between the host defense mechanisms and the virus's ability to evade them efficiently. Moreover, in order to persist, HCV must regulate its lytic potential and avoid elimination by the host immune system. Due to the quasispecies structure of the HCV viral population infecting single patients (39), the virus may use a variety of strategies to fulfill both requirements (11, 17) .
The quasispecies nature of the hepatitis C virus (HCV) is thought to play a central role in maintaining and modulating viral replication. Several studies have tried to unravel, through the parameters that characterize HCV circulating quasispecies, prognostic markers of the disease. In a previous work we demonstrated that the parameters of circulating viral quasispecies do not always reflect those of the intrahepatic virus. Here, we have analyzed paired serum and liver quasispecies from 39 genotype 1b-infected patients with different degrees of liver damage, ranging from minimal changes to cirrhosis. Viral level was quantified by real-time reverse transcription-PCR, and viral heterogeneity was characterized through the cloning and sequencing of 540 HCV variants of a genomic fragment encompassing the E2-NS2 junction. Although in 95% of patients, serum and liver consensus HCV amino acid sequences were identical, quasispecies complexity varied considerably between the viruses isolated from each compartment. Patients with HCV quasispecies in serum more complex (26%) than, less complex (28%) than, or similarly complex (41%) to those in liver were found. Among the last, a significant correlation between fibrosis and all the parameters that measure the viral amino acid complexity was found. Correlation between fibrosis and serum viral load was found as well (R ‫؍‬ 0.7). With regard to the origin of the differences in quasispecies complexity between serum and liver populations, sequence analysis argued against extrahepatic replication as a quantitatively important contributing factor and supported the idea of a differential effect or different selective forces on the virus depending on whether it is circulating in serum or replicating in the liver.
Hepatitis C virus (HCV) is an enveloped virus classified in the family Flaviviridae (7, 29, 45) . Its genome consists of a single-stranded RNA, with plus polarity, of 9,600 nucleotides, which does not integrate in the host genome, yet persistence is the rule. The damage caused during infection ranges from minimal changes to cirrhosis of the liver and hepatocarcinoma, but little is known about the mechanism of hepatocyte injury due to chronic infection. It seems very likely that the pathogenesis of HCV infection is directly related to a strong interplay between the host defense mechanisms and the virus's ability to evade them efficiently. Moreover, in order to persist, HCV must regulate its lytic potential and avoid elimination by the host immune system. Due to the quasispecies structure of the HCV viral population infecting single patients (39) , the virus may use a variety of strategies to fulfill both requirements (11, 17) .
The dynamic component of the quasispecies structure is responsible for the rapid virus evolution (12) . It works through a complex mixture of genomic sequences (quasispecies) which behaves as a single unit when facing changes in the environment. The genetic interaction within the viral population allows the system to distinguish the best possibility at any given time and, therefore, to avoid replicative efforts in unrewarding directions (12) (13) (14) (15) (16) . It has been experimentally proven for RNA phage (14) and viruses (27) that the use of this formula is intended to produce successful adaptation to environmental changes (12) . This mechanism has been invoked in the HCV virus model to explain both the high frequency of viral persistence and the wide range of disease (3, 4, 10, 18, 21, 39) . Phylogenetic methods may be used for understanding virus evolution.
The static component of the quasispecies structure of the viral population can be analyzed through the total number of viral particles (viral load), the proportion of different viral genomes present in that total (normalized Shannon entropy [55, 59] ), and the degree of polymorphism (P n ) among the variants (21, 40) . These parameters can be measured at single time points and are of analytical interest because they may fluctuate over a wide range of values and may be used to categorize quasispecies in relation to the clinical state of the patient. Many previous studies have examined the significance of both parameters independently. The wide range of clinicopathological correlations between serum and intrahepatic RNA levels (20, 23, 24, 31, 32, 35, 38, 42, 47, 50, 51) , together with discrepancies in the literature among authors who find correlation between quasispecies complexity and liver damage (25, 28, 33, 61) and those who do not (22, 36, 48, 56) , suggests that the relation between viral load and liver injury is more complex than expected.
Recently, we have proven that, within an infected patient, the composition of the circulating viral population does not necessarily reflect the composition of the hepatic population (5), although the causes for this difference remain obscure. Heterogeneous quasispecies in peripheral blood mononuclear cells (PBMC) of humans and in chimpanzees have been described (34, 37, 49, 54, 57) , and it has been proposed that replication in this tissue might contribute to HCV serum quasispecies complexity. In the present study we have evaluated the implications of serum and liver quasispecies complexity in the natural course of the disease. To do this, we have per-formed an analysis of the viral population parameters of a genomic region encompassing the envelope 2-nonstructural region 2 (E2-NS2) junction in paired serum and liver samples from 39 patients with chronic hepatitis C.
MATERIALS AND METHODS
Viral isolates. HCV was isolated from paired serum and liver samples from 39 HCV-infected patients. The degree of liver damage was semiquantified according to the scoring system of Ishak et al. (30) . This showed that 7 patients had mild chronic hepatitis, 17 had moderate hepatitis, 11 had severe hepatitis, and 4 had established cirrhosis (Table 1) . A parenteral risk factor with a known date of infection was present for 24 patients. The estimated mean duration of infection of these patients was 28 Ϯ 14 years. Demographic variables are summarized in Table 1 . All patients were infected with genotype 1b and had detectable HCV RNA, but none was positive for other hepatitis viruses or human immunodeficiency virus (HIV).
Six patients had received a 6-to 12-month course of interferon treatment 2 to 4 years before the samples were obtained. Written informed consent was obtained from all patients before they underwent liver biopsy. In all cases blood was drawn in Vacutainer tubes and centrifuged within 2 h and the serum was stored at Ϫ80°C. Three-millimeter-long fragments of liver biopsies were frozen in liquid nitrogen.
RNA extraction, reverse transcription-PCR, cloning, and sequencing. Virus RNA was extracted from both serum (140-l) and liver (0.05-g) samples with Amplified products were purified with QIAquick PCR purification kit (Qiagen) and cloned in Escherichia coli DH5␣. Individual clones were sequenced by the dideoxy chain terminator method with the DNA sequencing kit (Perkin-Elmer) and the Abi Prism 310 genetic analyzer (Perkin-Elmer). Viral RNA quantitation. Quantitation of HCV RNA in both serum and liver samples was performed by using the Taqman technology (Roche Molecular Diagnostics Systems) and the Abi Prism 7700 real-time sequence detection system (Perkin-Elmer), as already described (41) . Briefly, the method uses a dual-label fluorogenic hybridization probe that specifically anneals the template between PCR primers. When the probe is intact, the quencher at the 3Ј end suppresses the emission of the reporter at the 5Ј end. The nuclease degradation of the probe, during the PCR, releases the reporter, and the sequence detector (Abi Prism 7700) measures the amplified product in direct proportion to the increase of fluorescence emission. The total RNA concentration from liver biopsies was estimated by determining the absorbance at 260 nm (2) . The serum HCV RNA concentration was expressed as the number of viral genome copies per milliliter. The liver HCV RNA quantity was expressed as the number of genomes per microgram of total RNA.
HCV population parameters. The term complexity, as it refers to genetic information, was adopted to describe, in quantitative terms, the genetic information contained in viral quasispecies (39, 44) . The quasispecies complexity can be divided into two different parameters: P n and frequency of different sequences (Shannon entropy). P n was calculated as the number of polymorphic sites divided by the number of nucleotides (or amino acids) sequenced; variability of the quasispecies increased as P n increased. Shannon entropy has been defined in terms of the probabilities of the different sequences than can appear at a given time point (55, 59) . This measure was calculated as S ϭ Ϫ⌺ i (p i ln p i ) where p i is the frequency of each sequence in the viral quasispecies. The resulting number was normalized as a function of the number of clones analyzed, thus allowing comparisons of complexity among different isolates. The normalized entropy, S n , was calculated as S n ϭ S/ln N, where N is the total number of sequences analyzed. S n varied from 0 (no diversity) to 1 (maximum diversity) (55) . This is a measure of the specific heterogeneity of a given specimen without considering the number of particles present in that specimen. Total heterogeneity of a specimen, per milliliter of serum or per microgram of total RNA, was calculated as the product of normalized Shannon entropy and the natural logarithm of the number of particles.
The proportion of synonymous substitutions per potential synonymous site (ds) and the proportion nonsynonymous substitutions per potential nonsynonymous site (dn) were calculated with SNAP.pl (synonymous, nonsynonymous analysis program) from the HIV sequence database (http://hiv-web.lanl.gov).
In order to evaluate the relationships among the viruses isolated from the 39 patients, distances between all possible pairs of sequences (intrapatient and interpatient distances among serum, liver, and serum/liver sequences) were calculated by the Kimura two-parameter modification method and unrooted phylogenetic trees were constructed from the Windows Easy Tree software package (http://www.tdi.es).
We have estimated the degree of polymorphism, distance, and specific and total heterogeneity at both the nucleotide and amino acid levels and the ratio of synonymous to nonsynonymous substitutions (ds/dn) for 39 chronic hepatitis C patients.
Statistical analysis. Data were expressed as means Ϯ standard deviations. Pearson's or Superman's correlation was carried out by using the following variables: age, fibrosis, necroinflammation, alanine transaminase level, (ALT) HCV RNA level, degree of polymorphism, Shannon entropy, and total heterogeneity in serum and liver viral samples (in nucleotide and amino acid sequences). Differences in viral complexity between distinct histological groups were analyzed by t test.
Nucleotide sequence accession numbers. The EMBL database accession numbers for the sequences presented in this article are AJ247658 through AJ248197. Table 1 summarizes viral population parameters of complexity in serum-liver pairs in the 39 patients studied. Viral levels ranged from 2.7 ϫ 10 4 to 2.9 ϫ 10 7 copies/ml of serum (mean, 2.6 ϫ 10 6 Ϯ 4.8 ϫ 10 6 copies/ml) and from 0.021 to 1.9 ϫ 10 2 copies/g of total liver RNA (mean, 24 Ϯ 42 copies/g of total liver RNA). The characteristic quasispecies structure was found in all samples, which were subsequently analyzed by using population parameters. On average, 7 E2-NS2 sequences (4 to 12) were obtained from each sample (Table 1) . Overall, as shown in Table 2 , mean polymorphism values and proportions of variants present in both serum and liver samples were high, although they varied widely from patient to patient. This variability indicates that in this region both parameters were of analytical interest and might be used to characterize HCV quasispecies. Serum and liver viral sequences appeared to be strongly selected for synonymous replacements (mean percentage of synonymous mutations in serum and liver, 70% Ϯ 23% and 71% Ϯ 25%, respectively; mean ratio of synonymous to nonsynonymous [ds/dn] substitutions in serum and liver, 1.6 Ϯ 1.2 and 1.6 Ϯ 0.9, respectively) ( Table 1) . Samples from four patients contained sequences differing in more than 10 residues (5% of the total fragment length) from the other sequences from the same compartment. In these cases, patients are said to have double populations.
RESULTS
Comparison of serum and liver quasispecies. The same consensus nucleotide sequence was found in 46% of patients. In 33% there were one to four ambiguities (when the consensus residue at a given position is not defined by 60% or more of the sequences, the consensus is not assigned to any residue [10] ) in serum or liver consensus sequences. Twenty-one percent of patients had different nucleotide consensus sequences. At the amino acid level, 82% of the patients had identical sequences; in 13% there were one or two ambiguities, and 5% had different sequences in each compartment. Except for patients 9 and 36, phylogenetic analysis ( Fig. 1) showed that sequences obtained from each individual did not segregate according to their tissues of origin.
Mean nucleotide and amino acid intrapatient distances for serum, liver, and serum/liver sequences were similar, while such distances were found to be seven or eight times higher in the interpatient analysis (Table 3) . Nevertheless, as previously reported, HCV quasispecies structure (in terms of complexity) in serum did not always reflect the quasispecies structure in the liver (Table 4) at both the nucleotide and amino acid levels.
Patients were initially classified into three groups according to the similarity between HCV quasispecies complexities of serum and liver for each parameter, although the percentage of patients that were included in each group differed according to the parameter chosen (Table 3) . Patients were considered to have the same level of complexity when the ratio between liver
and serum values for a given parameter was between 0.5 and 2 (group A), to have less-complex serum HCV quasispecies when the ratio was 2 or higher (group B), and to have morecomplex serum HCV quasispecies when the ratio was 0.5 or less (group C). Since a phenotypic criterion, i.e., liver damage, had been used to select the study patients, the phenotypic parameters (those referring to amino acid sequence) were used to further study the correlations between quasispecies complexity for each compartment and clinicopathological variables. In those cases in which there was disagreement between the two amino acid parameters, final classification was based on nucleotide parameters. Accordingly, 16 patients (41%) were classified into group A, 11 (28%) were classified into group B, and 10 (26%) were classified into group C. Two patients (5%) were not included in the classification because they had different serum and liver HCV consensus amino acid sequences.
Correlation between the values of quasispecies parameters in serum and in liver. Statistical analysis of the results showed that there was a correlation between serum and liver viral RNA concentrations (R ϭ 0.4; P ϭ 0.02). There was a strong correlation among the six population parameters within each compartment (0.4 Ͻ R Ͻ 0.96; P Ͻ 0.02) but not between compartments, with the exception of the degree of nucleotide polymorphism and the intrapatient nucleotide distance (R ϭ 0.6; P Ͻ 0.01). Total heterogeneity, which integrates viral load and normalized Shannon entropy, was correlated at both nucleotide and amino acid levels within and between compartments (0.4 Ͻ R Ͻ 0.9; P Ͻ 0.02).
Correlation of viral quasispecies parameters and liver damage. Viral population parameters for the 39 patients were classified according to the degree of liver damage. Significant correlation between serum viral load and fibrosis, necroinflammation, and ALT level was found (R ϭ 0.7, P Ͻ 0.01; R ϭ 0.5, P Ͻ 0.01; and R ϭ 0.4, P ϭ 0.02, respectively). Fibrosis correlated with total nucleotide heterogeneity of liver quasispecies (R ϭ 0.4, P ϭ 0.03) and total amino acid heterogeneity of both circulating and hepatic viral populations (R ϭ 0.4, P ϭ 0.01; and R ϭ 0.3, P ϭ 0.038, respectively). Necroinflammation correlated with total nucleotide heterogeneity of hepatic virus (R ϭ 0.4, P ϭ 0.03) and total amino acid heterogeneity of circulating virus (R ϭ 0.4, P ϭ 0.03).
Correlations between clinical and viral parameters according to liver/serum complexity ratio. Within group A patients, viral load and amino acid complexities of serum and liver quasispecies correlated with the degree of fibrosis (Table 5 ). In contrast, quasispecies complexity at the nucleotide level did not correlate with fibrosis. Among these patients, viral HCV RNA and amino acid complexities of circulating and hepatic viruses were higher in those with severe liver damage than in those with mild or moderate disease (data not shown). In contrast, among patients from groups B and C no correlation between viral parameters and the degree of fibrosis was found.
DISCUSSION
In a previous work (5), we found that the structure of replicating HCV quasispecies in the liver does not always reflect that of circulating HCV virions. We observed that two of four patients had a twofold-more-complex HCV quasispecies in liver than in serum. Subsequently, others have reported finding more-complex circulating quasispecies (49) . The present study, involving a large number of genotype 1b-infected patients with a wide range of liver lesions, confirms and expands these observations. Most patients (95%) had HCV quasispecies with the same consensus amino acid sequence in serum and liver at the E2(p7)-NS2 junction; sequences from the majority of patients (95%) (Fig. 1) did not cluster separately between the two compartments, and in the same line, the intrapatient nucleotide and amino acid distances were seven and eight times lower than the interpatient distances. However, the amino acid complexities of the quasispecies in this region showed a twofold or higher difference between the two compartments in 54% of the patients. Accordingly, patients could be classified into three groups as a function of the degree of similarity in the complexities of viral quasispecies in both compartments. The origin and the clinical implications of this finding are unknown. In our previous work, we tried to explain the higher complexity in the liver by suggesting the existence of distinct functional compartments with different replication kinetics (5) . Alternatively, since the final fate of sequences found in the replicating pool is unknown, the finding of highest complexity in the liver quasispecies might be explained by an excess contribution of sequences that will not be incorporated into mature virions and (34, 37, 49, 54, 57) . Any extrahepatic contribution to the circulating pool should lead to the presence of readily obvious mixed populations in the serum. This should be more apparent in long-standing infections (6, 26, 46) , in which virus in the two replicating compartments (i.e., PBMC and liver) would evolve separately from a common ancestor. However, in our study a double virus population in the serum was found in only 1 of the 14 patients with longstanding infection. In addition, in two of the four patients who had a double population of sequences in the serum, the corresponding sequences were also present in the liver. All these data, the phylogenetic clustering of serum and liver sequences (in 37 of 39 patients; Fig. 1 ) and the finding that virus level was correlated between both compartments, argue against a significant contribution (in quantitative terms) of extrahepatic HCV replication to the serum (9, 43) . Alternatively, differences in the clearance rates of some variants might be responsible for the observed differences (19) . Rapid elimination of a major variant by circulating antibodies could lead to an overrepresentation of the mutant repertoire. In that situation, the observed differences between the circulating and the hepatic virus would be more apparent than real.
Several studies have tried to correlate the complexity of the circulating quasispecies and degree of liver damage (22, 25, 28, 33, 36, 48, 56, 61) . In the present study we found no correlation between quasispecies complexity at the nucleotide level and liver damage. In contrast, a significant correlation between quasispecies complexity at the amino acid level, in both serum and liver, and the extent of liver fibrosis was observed, albeit in only those patients with similar levels of complexity in both compartments. Hence, techniques that can only provide estimates of nucleotide diversity would not have predictive value with regard to liver damage. The finding that only amino acid complexity correlates with liver damage might have pathogenic relevance since the interaction between virus and the host immune system occurs at the phenotypic level. This observation would fit theoretical models of HIV diversification, in which antigenic variants are not completely replaced by emerging ones, so that the continuous accumulation of variants could reflect the history of immune evasion and cell destruction (52, 53) . In these patients (group A), the good correlation between serum viral load and degree of fibrosis would allow the monitoring of disease progression in individual patients by HCV RNA quantitation (1, 8, 41, 58, 60) . Nevertheless, the potential use of amino acid parameters of complexity and/or viral load as an indirect measure of ongoing liver damage is limited for two reasons. First, correlation is restricted to those patients with similar levels of quasispecies complexity in both compartments, and these cannot be differentiated from the other two groups by any clinical or readily accessible parameter. Second, it is currently unknown whether the liver/serum complexity ratio is a stable parameter or fluctuates over time. Longitudinal studies of sequential serum and liver pairs would be required to clarify this issue. It is possible that coincident quasispecies complexities represent a steady-state level, in which more complexity implies more damage. Such an equilibrium may transiently be lost when viral or immune factors influence the complexity of the circulating or replicating pool. Further investigation of the dynamic behavior of viral quasispecies in both compartments would increase our understanding of the influence of quasispecies complexity in liver damage. 
